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vapor
C. F. McCormick, A. M. Marino, V. Boyer, and P. D. Lett
Atomic Physics Division, National Institute of Standards and Technology, Gaithersburg MD 20899 USA
(Dated: March 14, 2007)
We demonstrate the use of four-wave mixing in hot atomic vapor to generate up to −7.1 dB of
measured relative-intensity squeezing. Due to its intrinsic simplicity, our system is strongly decou-
pled from environmental noise, and we observe more than −4 dB of squeezing down to frequencies
as low as 5 kHz. This robust source of narrowband squeezed light may be useful for a variety of
applications, such as coupling to atomic ensembles and enhancing the sensitivity of photothermal
spectroscopy.
PACS numbers: 42.50.Gy, 42.50.Dv
In the more than twenty years since the original obser-
vation of squeezed states of light [1], a great deal of ex-
perimental and theoretical work has gone into the gener-
ation of squeezing in systems based on parametric down-
conversion (PDC), silica nonlinearities in optical fibers,
and four-wave mixing (4WM) in atoms [2]. However, in
almost all cases the squeezing effects are limited to detec-
tion frequencies in the radio-frequency range. Technical
noise due to laser imperfections and coupling to the en-
vironment generally destroys the signature of squeezing
at frequencies in the audio range.
It has been shown that squeezed light can be used to
improve the sensitivity of interferometers with applica-
tions to gravitational-wave detection [3]. For this appli-
cation, however, the squeezing must extend through the
frequency band of roughly 10 Hz to 10 kHz. Recently,
two groups have demonstrated up to−4 dB of quadrature
squeezing at detection frequencies deep into this “audio
range” using optical parametric oscillators (OPOs) [6, 7].
Unfortunately, the complexity of the feedback controls re-
quired to stabilize the optical components of these OPOs
makes such systems challenging to construct and operate.
Experiments based on interactions with atomic va-
pors, such as studies of quantum information processing
and quantum atom optics would also benefit from light
squeezed at audio frequencies. A number of narrow-band
squeezed light sources have recently been developed at
795 nm to couple to the Rb D1 atomic line [8, 9]. Such
sources have been used for the investigation of quantum
state transmission and manipulation [10] and have been
suggested for the production of squeezed matter waves
[11, 12].
In this Letter we demonstrate a source of narrow-
band squeezed light at 795 nm with a measured relative-
intensity noise up to 7.1 dB below the shot-noise limit
at a detection frequency of 1 MHz. We also measure
greater than -4 dB of squeezing at frequencies as low as
5 kHz. The low-frequency squeezing bandwidth is lim-
ited only by the intensity noise of the pump laser used
in the experiment, which could be further improved with
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FIG. 1: (A) Experimental setup, PBS = polarizing beam
splitter, SA = spectrum analyzer; (B) Four-level double-Λ
scheme; (C) Probe transmission for fixed pump detuning of
700 MHz to the blue of the 85Rb F=2 → F’ transition.
on four-wave mixing in hot Rb vapor, with no magnetic
shielding, minimal feedback control, and no cavity. Given
its simplicity and the large degree of squeezing obtained,
this system could become a versatile source of squeezed
light for low-frequency applications.
Our experiment is similar to one presented in an earlier
paper [13]. Using a single cw Ti:Sapphire ring laser, we
generate a strong (≈ 400 mW) pump beam near the D1
line of Rb (795 nm). We generate a weak (≈ 100 µW)
probe beam tuned ≈ 3 GHz to the red of the pump by
double-passing a small amount of the pump light though
an acousto-optic modulator (AOM) at 1.5 GHz. This
results in very good relative phase stability to the pump.
The pump and probe beams are cross-linearly polarized,
combined in a Glan-Taylor (GT) polarizer, and directed
at an angle of 0.3 degrees to each other into a 12.5-mm
vapor cell filled with isotopically pure 85Rb heated to
154 C, and with no magnetic shielding (see Fig. 1). The





































FIG. 2: Relative intensity noise measured at 1 MHz normal-
ized to the SQL vs. one-photon detuning (red circles) and
probe gain vs. one-photon detuning (black squares), for a
two-photon detuning of 6 MHz. The noise floor is not sub-





































FIG. 3: Relative intensity noise at 1 MHz normalized to the
SQL vs. two-photon detuning (red circles) and probe gain
vs. two-photon detuning (black squares), for a one-photon
detuning of 700 MHz. The noise floor is not subtracted from
the squeezing values.
faces, resulting in an off-resonant transmission for the
probe beam of 98% per window. The pump and probe
are collimated with waists at the cell position of 650 µm
and 350 µm (1/e2 radius) respectively.
After the cell we separate the pump and probe beams
using a second GT polarizer, with ∼ 105 : 1 extinction
ratio for the pump. With the pump detuned 700 MHz
to the blue of the 85Rb F=2 → F’, D1 transition, and
the probe detuned 3042 MHz to the red of the pump, we
observe an intensity gain on the probe of about 6 (see
Fig. 1). This gain is accompanied by the generation of
a conjugate beam detuned 3042 MHz to the blue of the
pump, which is equal in spot size and polarization to the
probe, and propagates at the pump-probe angle on the
other side of the pump. After the second GT polarizer
we direct the probe and conjugate beams into the two
ports of a balanced, amplified photodetector, with tran-
simpedance gain 105V/A, quantum efficiency η ≈ 93%,




























FIG. 4: Relative intensity noise at 1 MHz vs. total (probe plus
conjugate) optical power on the balanced detector, for (one-,
two-) photon detuning (700, 6) MHz. Blue circles: SQL; red
squares: 4WM. The ratio of the two slopes is −7.1 dB.
photodetector is fed into a low-noise spectrum analyzer.
In Fig. 2 we plot the probe intensity gain G versus
the pump (‘one-photon’) detuning, while in Fig. 3 we
plot G versus the total frequency shift imparted to the
probe by the AOM minus the bare ground-state hyper-
fine splitting of 85Rb, 3036 MHz (the ‘two-photon’ detun-
ing). The gain G is defined as the probe power out of the
cell divided by the probe power in, corrected for window
losses. Also displayed in both figures is the relative in-
tensity noise of the probe and conjugate as measured by
the spectrum analyzer set to 1 MHz analysis frequency
in zero-span mode, with a resolution bandwidth (RBW)
of 30 kHz and a video bandwidth (VBW) of 30 Hz. This
noise is normalized to the standard quantum limit (SQL)
or “shot noise”, which we calibrate using balanced beams
derived from the pump laser. The noise floor of the mea-
surement has roughly equal contributions from the elec-
tronic noise of the detection system and a small amount
of pump light that leaks through the second GT polar-
izer. Without subtracting this noise floor, the relative-
intensity noise is reduced by as much as 5.3 dB below the
SQL at a (one-,two-) photon detuning of (700, 6) MHz.
In order to accurately measure the squeezing, it is nec-
essary to take the noise floor into account. At a 1 MHz
analysis frequency and RBW = 30 kHz, the electronic
noise floor is ≈ −88 dBm. Scattered pump light from
the cell windows and spontaneous emission from the va-
por which passes the second GT polarizer raises this floor
to roughly −85 dBm. To determine this, we set the de-
tunings to (700, 6) MHz as above, keep the spectrum an-
alyzer parameters fixed, and vary the probe input power.
In Fig. 4 we show the relative-intensity noise of the probe
and conjugate beams versus the total (probe plus conju-
gate) power incident on the detector, as well as the SQL
determined by shot-noise-limited balanced beams. The
two curves fit to straight lines, with a ratio of slopes
equal to 0.195 = −7.1 dB. The SQL curve has a zero-
intercept given by −87.4 dBm, while the zero-intercept
3of the probe-conjugate curve is higher, −84.5 dBm (due
to the pump leakage). As the total output power ap-
proaches ≈ 0.5 mW, the noise curve ratios approach the
true squeezing level of −7.1 dB. The optical path trans-
mission and photodiode efficiencies are 93.5 ± 2% and
93 ± 2%, respectively; all uncertainties are estimated 1
standard deviation. The squeezing value at the end of
the vapor, corrected for losses, is in the range of -9.4 dB
(set by the above uncertainties) to -10.9 dB (limited by
the beam imbalance resulting from the seeded gain).
The observed probe gain is G = 5.9 at the optimal
squeezing detunings of (700, 6) MHz. It is clear from Fig.
1, however, that there is some absorption from the vapor
at the probe frequency, and thusG is the result of an ideal
gain G0 and a transmission Tα < 1. As a seeded process
the 4WM should produce a conjugate beam with power
(G0 − 1) times the input probe power (the conjugate is
detuned enough that it is only slightly attenuated in the
vapor). The observed ratio of conjugate to output probe
power is 0.95. Assuming that the observed gain G =
G0Tα, these observations are consistent with values of
G0 = 6.6 and Tα = 0.9.
The probe gain and conjugate generation are due to
4WM in the four-level system defined by the two ground
5S1/2 and two excited 5P1/2 hyperfine levels of the Rb
atom (see Fig. 1). This system is coupled in a double-Λ
configuration, with the pump beam simultaneously play-
ing the role of two of the legs. In the limit of large pump
intensity and small pump depletion the probe and con-
jugate electric-field envelopes Ep and Ec evolve with dis-
































where kp,c are the momenta of the probe and conju-
gate fields. The terms involving χpc and χcp describe
the 4WM interaction coupling the probe and conjugate
fields, while the term with χpp describes a Raman inter-
action between the probe and pump fields. Because of
the large detuning of the upper Λ in our experiment, the
term involving χcc is negligible.
While the values of χ can be calculated for our
atomic system and lead to interesting propagation effects
[14, 15], to understand the present results the important
point is that there is no fundamental limitation on the low
frequency response of this process. The low-frequency
bandwidth will be established by technical noise on the
pump and probe lasers. In addition, since the model of
Eqs. (1) and (2) describes a phase-insensitive amplifica-
tion process, we expect that only intensity noise on the
input beams will affect the spectrum of squeezing.
To confirm this we record the relative-intensity noise
spectrum at frequencies from 0 to 2 MHz, with the detun-



























FIG. 5: (A) Noise floor due to pump light leakage and elec-
tronics; (B) 4WM, with probe, conjugate powers = 41, 39
µW; (C) SQL for 80 µW measured with balanced beams di-
rectly from the pump laser; (D) input probe intensity noise
for one 80 µW beam; (E) noise on the probe after 4WM, with
power = 41 µW. RBW = 3 kHz, VBW = 30 Hz for all traces.
The noise floor is not subtracted from the traces.
powers equal to 41 (39) µW, and the spectrum analyzer
set to RBW= 3 kHz and VBW = 30 Hz (see Fig. 5). The
noise floor is set by the combination of electronic noise
and pump light leakage, which is ≈ 10 dB below the SQL.
Without correcting for this noise floor, the 4WM spec-
trum is squeezed by 4 to 5 dB across this frequency range.
Also displayed in Fig. 5 is the intensity noise on the input
probe beam. The input spectrum displays spikes at har-
monics of the switching power supply of the solid-state
laser we use to pump our Ti:sapphire laser (110 kHz), as
well as broad-band noise that rises above the shot noise
for frequencies below 600 kHz.
The final spectrum displayed in Fig. 5 is the noise on
the 41 µW probe alone, after 4WM amplification. Above
600 kHz, it is 8.3 dB above the SQL for 80 µW (dis-
played), or 11.3 dB above the SQL for 41 µW (not dis-
played). A noise-limited amplifier with a gain G = 5.9
would add 2G − 1 = 10.3 dB of noise above the SQL,
so our system is operating as a nearly shot-noise-limited
amplifier for the probe beam in this frequency region.
We next set the RBW to 1 kHz and VBW to 3 Hz,
and measure the noise at low frequencies for the same
probe and conjugate power (see Fig. 6). Our Ti:sapphire
laser is equipped with an external reference cavity, whose
transmission error signal is fed back to a piezo-mounted
mirror in the laser. With the laser locked to the reference
cavity, the spectrum extends to only ≈ 70 kHz before be-
ing overwhelmed by input probe intensity noise and rising
above the SQL. By disabling the feedback, however, we
eliminate a significant amount of the input intensity noise
around 30 and 60 kHz. This allows us to observe squeez-





























FIG. 6: (A) Noise floor due to electronics and pump leakage;
(B) 4WM, with probe, conjugate powers = 41, 39 µW and
no cavity locking; (C) the same as B, but with cavity locking;
(D) SQL for 80 µW measured with balanced beams directly
from the pump laser; (E) pump laser intensity noise for one
80 µW beam; (F) noise on the probe after 4WM, with power
= 41 µW. RBW = 1 kHz, VBW = 3 Hz for all traces. The
noise floor is not subtracted from the traces.
for the electrical noise in the shot noise (trace D), and
both the electrical and scattered pump light noise in the
squeezing measurement (trace B), we find a suppression
of ≈ -6 dB above 10 kHz. Without feedback the laser fre-
quency drifts but the squeezing is sufficiently insensitive
to the one-photon detuning near 700 MHz (see Fig. 2)
that we can operate for ≈ 1 hour before seeing a major
deterioration in the noise reduction. Also displayed in
Fig. 6 is the input probe noise spectrum and the noise
spectrum of the amplified probe beam. Unlike the situ-
ation at higher frequencies, around 60 kHz the noise on
the probe alone is 13.1 dB above the SQL, due in part to
classical noise on the input probe.
It is worth noting that the low-frequency limit to the
squeezing is well below the linewidth of the laser (∼ 200
kHz). Using an intensity-stabilized diode laser as a pump
should significantly reduce the classical intensity noise on
the inputs and extend the squeezing bandwidth even fur-
ther into the audio region. Previous observations of low-
frequency squeezing using OPO and OPA systems have
found that classical noise on the input seed destroyed the
low-frequency squeezing except for extremely low seed
powers (< 700 nW) [5]. We have seen no change in the
low-frequency squeezing levels in our system for the input
probe powers used.
This system should also be able to generate significant
quadrature squeezing at both audio and radio frequen-
cies. By pumping at the frequencies which we currently
use for the probe and conjugate, we expect to generate
frequency-degenerate twin beams. These beams could
then be combined on a beamsplitter to generate quadra-
ture squeezing.
Finally, while gravity-wave detection has driven the
search for low-frequency squeezed light, it may also be
useful in other arenas. In particular, the class of trace
detection methods based on photothermal deflection uses
a modulated pump beam tuned to a molecular resonance
to heat the air, and then measure the spatial deflection
of a probe beam due to the heating [16]. The timescale of
the pump modulation (∼ 1 kHz) is set by the thermal dif-
fusion time. At present, the technique is nearly limited by
the shot noise of the relative intensity of balanced probe
beams [17], and squeezed light with significant noise re-
duction at audio frequencies could potentially overcome
this limitation by allowing sub-shot-noise position mea-
surements [18].
In conclusion, we have demonstrated a simple, robust
source of low-frequency relative-intensity-squeezed light
based on four-wave mixing in a hot atomic vapor. It pro-
vides narrowband non-classical light near an atomic tran-
sition and is well-suited for use in light-atom interaction
experiments. The system uses a single laser and involves
no cavity, magnetic shielding, or sophisticated feedback
electronics, and may become an important source of non-
classical light in a variety of applications.
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